An atomic force microscope was used to scribe a polyimide-coated substrate with complex patterns that serve as an alignment template for a nematic liquid crystal. By employing a sufficiently large density of scribe lines, two-dimensional topological defect arrays of arbitrary defect strength were patterned on the substrate. When used as the master surface of a liquid crystal cell, in which the opposing slave surface is treated for planar degenerate alignment, the liquid crystal adopts the pattern's alignment with a disclination line emanating at the defect core on one surface and terminating at the other surface.
I. INTRODUCTION
The study of high curvature liquid crystal patterns, especially topological defects, has been of interest for over a century [1] [2] [3] . Defects generally are categorized in terms of the defect strength s ≡ ψ/2π , where ψ is the nematic director rotation angle when one circumnavigates the defect line. Here the quantity s often is referred to as the "defect charge." Studies of defects can be used to obtain ratios of elastic constants [4] , albeit with limited accuracy [1] . Defects are central in establishing the director profile in geometrically confined liquid crystals [5] , and serve as an important signature when determining the symmetry of phases, for example, distinguishing between a biaxial nematic phase and a smectic-C phase [6] . Defect dynamics provide another important field of study [7, 8] , as defect motion is extremely sensitive to boundary effects and provides information about surfaces and impurities. Of recent interest are defects as traps for micro-and nanoparticles [9] [10] [11] [12] [13] [14] [15] [16] , as the presence of the particles reduces or eliminates the energy associated with the defect core. Moreover, by decorating the nanoparticles with appropriate ligands, in principal one can establish liquid crystal anchoring conditions at the particles' surfaces.
Until now it has been relatively difficult to manufacture and study defect pairs or a regular array of defects whose director fields are determined by elasticity and that have certain desired features, such as specific value(s) of s. This is especially true for closely spaced defect cores. Eakin et al. [17] , Crawford et al. [18] , and Gorkhali [19] have used polarized holographic techniques to create one-and two-dimensional (2D) arrays, where the 2D arrays contained a regular pattern of s = ±1 topological defects and their associated line disclinations. Fleury, Pires, and Galerne rubbed a substrate with a poly(tetrafluoroethylene) rod to create an array of topological defects, where the resulting disclination lines ultimately were used to trap nanoparticles that formed a three-dimensional (3D) architecture of microwires [11] . Despite the power of these approaches, both tend to be limited to relatively large spacings between defect cores and have not been shown to produce arrays of arbitrary, but topologically allowed, combinations of charges s. A recent optical technique pioneered by Ackerman, Qi, and Smalyukh [20] has resulted in layer-by-layer creation of 3D patterns of electrically erasable "torons," with spacings as small as 10-20 μm. The patterns demonstrated, however, tend to exhibit an identical director profile around each core, not resembling the elastically controlled profile associated with a schlierenlike texture. Here we report the technique of atomic force microscope (AFM) scribing of a polymer alignment layer to create complex and arbitrary director patterns, especially 2D arrays of topological defects. We demonstrate defect core spacings as close as 20 μm, although in principle the spacings can be made as small as a few multiples of the liquid crystal extrapolation length L = K/W ϕ 2 , where K is an appropriate combination of splay and bend elastic constants K 11 and K 33 , and W ϕ 2 is the azimuthal anchoring strength coefficient of the liquid crystal at the substrate. Typically L ranges between 100 and 500 nm [21] and can depend on temperature and surface preparation. For defect core separations much smaller than 2 or 3 μm the liquid crystal director is unable to follow the pattern and tends to adopt a relatively uniform orientation [22, 23] , thus establishing an effective lower limit for the core separation. The advantage of AFM is its simplicity and versatility, facilitating placement of defect cores of any combination of charge(s) s and at any position. By scribing the substrate with lines corresponding to the 2D director profile calculated on the basis of elasticity alone, we are able to stabilize an arbitrary director pattern in a thin liquid crystal cell.
Consider a planar-oriented nematic liquid crystal where the directorn is given by n x = sin θ cos ψ, n y = sin θ sin ψ, and n z = cos θ , where ψ corresponds to the director's azimuthal orientation in the xyz frame and θ to the polar angle. In cylindrical coordinates r, φ, and z, where z is perpendicular to the substrate plane, Nehring and Saupe used the equal elastic constant approximation and assumed planar anchoring (θ = π/2) to obtain the solution to Laplace's equation, viz., ψ = sϕ + c [1] , where c is a constant. (The solution for unequal elastic constants, e.g., when the bend modulus K 33 diverges near the nematic-smectic-A transition while the splay modulus K 11 remains regular [24] , has been worked out by Dzyaloshinskii [25] but is beyond the scope of the present work.) Becausen = −n, a 2π rotation of the azimuthal coordinate φ about the z axis at r = 0 corresponds to a director rotation ψ by mπ , where m is an integer. This condition allows only certain values of s, the strength or "charge" of the defect, s = ± (6) 052501-1 ©2014 American Physical Society a limit on constant c, viz., 0 c < 2π . The occurrence of half-integer singularities necessitates that the alignment of the director is planar [1] . For multiple charges the director orientation over the entire two-dimensional surface can be obtained by summing ψ i for all defects i centered at positions r i = a ix + b iŷ . Finally, to generate working patterns, ψ must be expressed in terms of Cartesian coordinates:
II. PATTERN GENERATION
Let us first discuss the scribing algorithm. Each pattern consists of a set of pregenerated paths, with each path containing a set of locations for the AFM stylus to visit in sequence. This information is generated prior to the scribing process using an algorithm that was adapted from a plotting technique to allow reasonably strict control of line density [26] . The maximum and minimum acceptable distances between lines are input as parameters. The user chooses an initial seed location to start the algorithm. Starting points for all subsequent lines are algorithm generated by selecting candidate locations around existing lines. The script checks through all of these candidate seeds until a location that is further than the minimum line spacing from all other lines is found. It then solves the vector field, given by Eq. (1), in each direction to follow the streamline until it meets some stopping criterion. The pattern is complete when no candidate seed locations remain. For the sake of time, the scribing area is broken into bins that correspond in size to the maximum distance between lines. All points in each line are associated with one of these bins. This allows the script to check for adjacent lines by examining only points in nearest neighbor bins, rather than every point in the pattern. If a point in a line is too close to any point in another line, the two lines are considered to be too close at that location. This simplification dictates that the distance between lines must be greater than the step size that determines the distance between any two points in the same line. To produce sufficiently strong anchoring, the line density must be very high (a small distance between lines), and consequently the step size is constrained to be very small. This eliminates the possibility of using an adaptive step size algorithm. As a practical consideration, each additional point in the pattern increases the amount of time it takes for the AFM to complete the lithography. A dense pattern, if left unaltered, would take an unreasonable amount of time to scribe; therefore, each completed pattern is filtered to remove unnecessary points in areas of relatively low curvature, yielding a pattern that can be scribed in 2-4 h.
III. EXPERIMENTAL
Turning to the experiment, a glass microscope slide was cleaned, spin coated with the polyamic acid RN-1175 (Nissan Chemical Industries), and baked according to the manufacturer's specifications. The resulting polyimide surface was then gently and uniformly rubbed with a polyester rubbing cloth (Yoshikawa YA-20-R). The purpose of the light cloth rubbing was to provide a uniform orientation outside of the AFM scribed region. The cloth-rubbed polyimide then was partially overwritten by the stylus of an atomic force microscope according to the algorithm described above. Lines defined by Eq. (1) were scribed with an Agilent 5500 AFM in contact mode over a region 65 × 65 μm using an AFM probe (Bruker MPP-11100, approximately 300 kHz resonance) with a rigid cantilever (40 N/m spring constant); this probe ordinarily is used for tapping mode applications, but here it remained in contact with the polyimide to effect scribing. For the work described herein, we scribed two different 2D arrays of +1 and −1 defects, such that the scribed substrates served as the "master" surface. Because of the complexity of the pattern, the spacing between scribe lines was not constant, being denser in regions of high curvature (near the defect cores) and less dense in regions of smaller curvature (the regions between cores). Moreover, we scribed the +1/−1 patterns using both a low density of lines with spacings varying between 250 (in high curvature regions) and 500 nm (in low curvature regions), as well as +1/−1 patterns using a higher density of lines, between 120 and 300 nm. We tested various set-point voltages for the AFM stylus' contact force, ranging from as low as 0.5 up to 1.75 V, corresponding to approximately 1-3.5 μN. This parameter range yielded characteristic polyimide groove depths from ß4-5 up to ß15-20 nm. Empirically we found that the deeper grooves tended to provide more reliable formation of the defect cores. The scribing speed was set to be as slow as possible for the instrument using a scan size of 65 μm with a resolution of 4096 × 4096 pixels, about 18 μm/s. Following scribing we examined the substrate using AFM in noncontact mode. Figure 1 shows a noncontact mode AFM image of a section of the polyimide surface that was patterned using a low-density line spacing of 250-500 nm. On examining regions very close to the defect cores, where the curvature of the scribed lines is higher, we often found a buildup of polyimide debris that is a by-product of the plowing process; this was not a problem away from the cores where the line curvature is lower, as seen in Fig. 1 . Cells constructed with debris buildup tended to exhibit less-than-ideal microscope textures in the core region, as the diverging director gradients were overwhelmed by poor liquid crystal alignment at the substrate due to the presence of polyimide debris. We found that sonication (ß1-3 min) in ethanol of the patterned substrates greatly reduced the debris problem, although on occasion sonication did not entirely eliminate it.
A second glass substrate was cleaned and spin coated with an ethanol/"GLYMO" [(3-Glycidyloxypropyl)trimethoxysilane] mixture, with the GLYMO obtained from Sigma-Aldrich. The coating, which was baked at 170°C for 1 h, provides a good planar-degenerate alignment surface for the liquid crystal director [27] , and serves as a "slave" surface to the patterned RN-1175 "master" surface. The two substrates were placed together, separated by mylar spacers, where the cell gap was estimated to be ß3-5 μm based on interferometric measurements of a sampling of cells. It is important to have the gap spacing somewhat smaller than the spacing between the defect cores so that the resulting disclination lines begin and terminate at defect cores on the opposing substrates [28] ; if the cell is too thick, the disclination lines may commence and terminate on the same substrate. The cell was then filled with the liquid crystal pentylcyanobiphyenyl ("5CB") in the isotropic phase, cooled to room temperature, and placed on the stage of a polarizing microscope.
IV. RESULTS AND DISCUSSION
In Figs. 2 and 3, Figs. 2(a) and 3(a) represent the computergenerated scribing patterns, Figs. 2(b) and 3(b) show the theoretical microscope view for the liquid crystal between crossed polarizers, and Figs. 2(c) and 3(c) show the actual polarized microscope view of the pattern scribed with a higher density of lines (120-300 nm separation). We make two remarks. First, for purposes of clarity, the line density displayed in Figs. 2(a) and 3(a) is greatly reduced from the actual scribing density. But it should be emphasized that the actual scribing density is proportional to the computergenerated line density, i.e., the scribing density is highest in the same regions in which the computer-generated line density in Figs. 2(a) and 3(a) is highest. Second, the theoretical images in Figs. 2(b) and 3(b) assume only phase retardation effects for a plane wave of light traversing the cell. In other words, we made the simple approximation of a plane-wave traversing each pixel, such that the intensity after the analyzer is proportional to sin 2 (2α), where α is the angle between the polarizer and the directorn for the pixel. The images in Figs. 2(b) and 3(b) do not account for diffraction effects, finite anchoring effects at the substrate, possible out-of-plane director orientations, or the tendency for elastic effects to cause the director to become spatially uniform as one traverses the cell away from the master surface [29] . Specifically, Fig. 2 shows the results for a square 2D array of +1/−1 defects that is approximately "charge neutral"-actually, the limited size of the pattern results in a net charge of +1-and Fig. 3 shows the results for a 2D "offset array" of +1/−1 defects. But when a low density of scribe lines (spaced 250-500 nm apart) is used, permanent domain walls can occur and result in a very different appearance than the theoretical textures; this can be seen in Fig. 4 . The primary effect of low line density is to reduce the azimuthal anchoring strength coefficient W ϕ 2 , which has been shown to vary monotonically with line density [30] , increasing very sharply for line spaces below 400 nm. Additionally, the lower line density may have been insufficient to overcome the initial weak polyester cloth rubbing of the surface, as it is known that there is a yield stress required to establish a new easy axis after an initial easy axis had been created [31] . On the other hand, a well-defined easy axis and anchoring are stronger in the cells with the higher line density having 120-300 nm line spacing, as seen in Figs. 2(c) and 3(c) . These microscope images clearly show the expected features of the theoretical patterns in Figs. 2(b)   FIG. 4. (Color online) Photomicrograph of a cell with low density of scribe lines, corresponding to the pattern in Fig. 3 . The bar represents 10 μm. and 3(b) with good fidelity. Nevertheless, the renditions are not perfect. Although a few domain walls appear in these images, they tend to occur near the edges of the patterns where the director has to transition from the AFM scribed region to the uniformly rubbed background region. This can be especially problematic in the small patterns, where the net charge is nonzero. We remark, however, that an unrubbed background would have been more problematic, resulting in an uncontrolled random planar alignment outside the square. Additionally, the boundaries in the actual scribed images tend to be a bit ragged compared to the computer-generated images, and the regions immediately around some of the actual defect cores are less well defined than their computer-generated counterparts. This undoubtedly comes from optical diffraction limitations in the actual cell and the increasing difficulty in scribing lines of smaller and smaller radius of curvature. Figure 3 (c) also shows a small brighter region around the +1 defect cores. We believe that this behavior is due to an escape of the director into the z direction [32] , which is supported by measurements of the light intensity-and therefore of the optical retardation-near the defect core compared with the intercore region. For example, for a cell thickness ß3 μm, the intercore region would have a phase retardation in the neighborhood of 2π in the visible part of the spectrum, whereas the retardation for a nonzero z component of the director would be reduced and result in a larger transmission through crossed polarizers. We have observed that the tendency toward nonplanar alignment can be reduced or eliminated by using thinner cells and by sonicating the substrate before cell assembly. Additionally, in principle the tendency for a nonplanar director configuration can be reduced with the use of a negative dielectric anisotropy liquid crystal in conjunction with an electric field applied across the cell thickness.
Some defect cores, such as several of those in Fig. 2(c) , appear to be closely spaced pairs of two-brush defects (see Fig. 5 for a theoretical polarized micrograph) rather than single four-brush defects that would be expected for an integer value of s. This issue, which can be explained on the basis of defect bifurcation, seems to be separate from the escaped director issue discussed above. It is known that integer defects can break into multiple half-integer defects [28] , as the elastic energy of the 2D director field (excluding the defect's core, which has a diameter of several nanometers) is proportional to s 2 [24] . Therefore, a pair of half-integer defects would have an energy one-half that of an s = ±1 defect. Because of this reduced energy configuration, integer defects will tend to yield a pair of half-integer cores. What varies from defect to defect is the length scale over which this bifurcation occurs, and whether this separation can be resolved with visible light. For the case of scribed defects, the separation distance between the half-integer defects is governed most likely by the anchoring strength W ϕ 2 in the core region and the liquid crystal's elasticity.
V. CONCLUSIONS
The patterns demonstrated herein represent only two of an infinite variety of possible complex defect arrays, including arrays of topological defects having arbitrary location and charge. In principle, the spacing between defects can be reduced to a few micrometers when sufficiently small spacings between AFM scribed lines are used-we have achieved line spacings of 20 nm using reduced AFM stylus force to limit the displacement of the polyimide material during plowing [33] but the distance between defect cores probably cannot be made smaller than a few micrometers due to the inherent extrapolation length of the liquid crystal [21] . We should point out that other techniques can provide similar results, with some advantages and some disadvantages. Wei's group at Kent State University, for example, is using a photolithographic technique that involves a mask of ultrathin slits in a silver film to create tightly patterned alignment layers [34] . This approach can be used to create millimeter or even centimeter scale patterns, much larger than patterns created by a single AFM scan. (Of course, we can build up a larger pattern by scribing multiple patterns side by side, although the duration of the process could become impractical.) The photolithography approach also requires mask preparation, and the lower limit of the pattern's resolution is about 100 nm. Nevertheless, the resulting defect arrays, whether created by AFM or photolithography, present a variety of opportunities, as they can then be used as gratings, as periodically spaced traps for nanoparticles, or for the study of disclination lines emanating from the defects, such as a +1 splitting into a pair of + 1 2 lines.
